Abstract-Mutations in the bone morphogenetic protein type II receptor gene (BMPR2) are the major genetic cause of familial pulmonary arterial hypertension (FPAH). Although smooth muscle cell proliferation contributes to the vascular remodeling observed in PAH, the role of BMPs in this process and the impact of BMPR2 mutation remains unclear. Studies involving normal human pulmonary artery smooth muscle cells (PASMCs) suggest site-specific responses to BMPs. Thus, BMP-4 inhibited proliferation of PASMCs isolated from proximal pulmonary arteries, but stimulated proliferation of PASMCs from peripheral arteries, and conferred protection from apoptosis. These differences were not caused by differential activation of BMP signaling pathways because exogenous BMP-4 led to phosphorylation of Smad1, p38 MAPK , and ERK1/2 in both cell types. However, the proproliferative effect of BMP-4 on peripheral PASMCs was found to be p38 MAPK /ERK-dependent. Conversely, overexpression of dominant-negative Smad1 converted the response to BMP-4 in proximal PASMCs from inhibitory to proliferative. Furthermore, we confirmed that proximal PASMCs harboring kinase domain mutations in BMPR2 are deficient in Smad signaling and are unresponsive to the growth suppressive effect of BMP-4. Moreover, we show that the pulmonary vasculature of patients with familial and idiopathic PAH are deficient in the activated form of Smad1. We conclude that defective Smad signaling and unopposed p38 MAPK /ERK signaling, as a consequence of mutation in BMPR2, underlie the abnormal vascular cell proliferation observed in familial PAH. 
P rimary, or idiopathic, pulmonary arterial hypertension (IPAH) is a rare disorder that is progressive and often fatal, leading to death within a median of 3 years from right ventricular failure without treatment. 1 The disease is characterized by vascular cell proliferation and obliteration of small pulmonary arteries by smooth muscle cells and myofibroblasts. 2 In addition, plexiform lesions comprising endothelial cells and myofibroblasts are found in Ϸ50% of cases. 3 Genetic studies have revealed heterozygous mutations in the BMPR2 gene encoding the type II bone morphogenetic protein receptor (BMPR-II), a member of the TGF-␤ superfamily of receptors, 4, 5 underlying the familial form of the disease (FPAH). Subsequently, BMPR2 mutations were found in Ϸ25% of apparently sporadic cases of IPAH, many of which are examples of familial transmission with low disease gene penetrance. 6, 7 Although these genetic studies point toward a critical role for the TGF-␤ superfamily in the regulation of pulmonary vascular cell growth and differentiation, the precise molecular mechanisms leading to disease pathogenesis remain to be elucidated.
Signaling by BMP receptors involves heterodimerization of 2 transmembrane serine/threonine kinases: the constitutively active type II receptor, BMPR-II, and a corresponding type I receptor, BMPR-IA or BMPR-IB. Activated BMPR-I receptors phosphorylate a set of BMP restricted Smad proteins, (Smad1, 5, and 8), 8 which then complex with the common partner Smad, Smad4 (Co-Smad), and translocate into the nucleus to regulate transcription of target genes 9 in a tissue-and cell-specific manner. Although signaling via Smads is well characterized, there is increasing evidence that mitogen-activated protein kinases (MAPKs), including ERK1/2, JNK, and p38 MAPK are activated by BMPs and TGF-␤s in certain cell types. 10, 11 In transfected mouse mammary gland epithelial cells we previously demonstrated that most BMPR-II mutants fail to activate a BMP responsive reporter gene, suggesting a deficiency in Smad mediated signaling. 11 However, all mutations studied were associated with heightened activation of p38 MAPK coupled to increased serum-induced proliferation.
Although the effect of TGF-␤ on endothelial 12 and smooth muscle 13 cell growth, differentiation, and matrix production has been extensively studied, the effects of bone morphogenetic proteins (BMPs) on vascular cell function are not well characterized. BMPs have been shown to inhibit proliferation of human aortic smooth muscle cells and increase expression of smooth muscle differentiation markers. 14 In addition, BMP-2 inhibits vascular smooth muscle cell proliferation after balloon injury in rats. 15 We have previously shown that BMP-4 inhibits proliferation of PASMCs isolated from the main pulmonary artery of normal subjects but fails to suppress proliferation of PASMCs isolated from patients with IPAH. 16 In the present study we aimed to determine the major signaling pathways downstream of BMP receptors linked to proliferation and survival, and the impact of BMPR2 mutation on these responses in PASMCs. We demonstrate that Smad1, p38 MAPK , and ERK1/2 pathways are activated in normal human PASMCs by BMP-4. However, the stimulation or inhibition of cell proliferation depends on the differential utilization of these pathways. We show that Smad signaling is antiproliferative in PASMCs whereas p38 MAPK /ERK is proproliferative and antiapoptotic. In addition, we demonstrate that kinase domain mutations in BMPR2 disrupt nuclear translocation of Smads, and that PASMC lines isolated from patients with FPAH harboring mutations in BMPR2 are deficient in Smad signaling. Furthermore, we report evidence for deficient Smad1 activation in the pulmonary vasculature of patients with PAH. Our findings suggest that Smad/MAPK signaling exert opposing effects on the proliferation of PASMCs and that abnormal signaling via these pathways as a consequence of mutation in BMPR2 contributes to the abnormal cell proliferation and vascular obliteration that characterize PAH.
Materials and Methods

Culture of Human PASMCs
Proximal and peripheral segments of human pulmonary artery were obtained from unused donors (nϭ5) for transplantation. The Harefield and Papworth Hospital ethical review committees approved the study, and subjects or relatives gave informed written consent. PASMCs were explanted from proximal lobar arteries and peripheral arteries (Ͻ1 to 2 mm external diameter), as previously described. 17 Cells were maintained in 10% fetal bovine serum (FBS)/Dulbecco's modified Eagle Medium (DMEM) and used between passage 4 and 6. Proximal smooth muscle cell lines were obtained from 3 patients with PAH known to harbor a mutation in BMPR2. These included 2 with mutations in the kinase domain of BMPR2, one predicted to substitute arginine for tryptophan at position 491 of the amino acid sequence (R491W), and the other in which tyrosine is substituted for cysteine at position 347 (C347Y). 16 A further mutation involved a missense mutation in the cytoplasmic tail of BMPR2, leading to a serine in place of asparagine at position 903 (N903S). Three further PASMC preparations were obtained from patients with idiopathic PAH in whom no mutation was detected in BMPR2. The smooth muscle phenotype of isolated cells was confirmed by positive immunofluorescence with antibodies to ␣ smooth muscle actin (IA4), smooth muscle specific myosin (hsm-v), fibronectin, and vimentin, as described. 18 
Proliferation Assays
Cell proliferation was quantified by cell number using a hemocytometer and by the incorporation of [ 3 H]-thymidine, as previously described. 16 In some experiments, cells were preincubated with SB203580 (1 mol/L), a specific inhibitor of p38 MAPK , or the ERK1/2 inhibitor U0126 (1 mol/L), for 30 minutes before adding BMP-4. Each isolate was studied at least 3 times under each condition, and the mean values were taken from all studies conducted with any single cell line.
Apoptosis Assays
Apoptosis assays were performed using staurosporine as an apoptosis inducing agent. The 2 methods used were the morphology of nuclear chromatin after H-33342 and propidium iodide (PI) staining, and a cellular DNA fragmentation ELISA kit (Roche Molecular Biochemicals, Inc, UK). See online supplement (available at http:// circres.ahajournals.org) for further details.
I-BMP-4 Competition Binding Studies
125
I-BMP-4 ligand labeling and binding assay was modified and performed as previously described. 19 BMP-4 was iodinated using Chloramine T. See online supplement for further details.
Immunoblotting for BMP Signaling Pathways
For studies of Smad1, p38 MAPK , and ERK1/2 activation, blots were incubated with polyclonal rabbit antiphospho-Smad1 antibody (1:1000), monoclonal mouse antiphospho-p38 MAPK (1:1000), or antiphosphoERK1/2 (1:1000) (all from Cell Signaling Technology, Inc., UK), as previously described. 11 See online supplement for further details. To confirm equal protein loading, blots were stripped and reprobed using antiSmad1 (1:2000), antip38
MAPK (1:2000) , or antiERK1/2 (1:1000).
Reverse Transcription-Polymerase Chain Reaction
Total RNA was extracted from growth-arrested primary cultures of human PASMCs using TRIzol reagent. See online supplement for details of primers used and PCR reaction conditions.
Plasmids and Transfection Studies
Human pcDNA3.0-Flag (N)-Smad1 was provided by Professor Miyazono (Tokyo, Japan). The plasmid (Neo pcDNA3.1) containing dominant-negative Smad-1 (DN Smad1), the mouse homologue of human Smad1, was a gift from Dr Pierre J. Marie (INSERM U349, Paris, France). 20 Transfection was performed by using Nucleofector electroporation (Amaxa Bioscience, Ltd), according to manufacturer's instructions.
To examine BMP-mediated Smad1 signaling in PASMCs, cells were transfected with Flag-Smad1 or cotransfected with Flag-Smad1 and DN-Smad1. The nuclear translocation of Smad1 was determined by immunofluorescence staining with anti-flag M2 antibody. Cells were seeded on 8-well slide chambers at 5ϫ10 3 cells per well in culture medium for 2 days. Cells were then quiesced in serum free medium for 24 hours, and medium was replaced with DMEM/ 0.1%FBS with or without BMP-4 (50 ng/mL) for up to 90 minutes. After washing and fixing, anti-flag M2 monoclonal antibody (1:500) was added to cells for 1 hour followed by anti-mouse-TRITC (1:500). Finally, the cells were incubated with H-33342 for 15 minutes to allow nuclear visualization. Smad localization was visualized by fluorescence microscopy.
Transient transfections for luciferase reported gene assays were performed on cells at 90% confluence using Lipofectamine 2000 transfection reagent, as previously described. 11 Cells were cotransfected with wild-type or mutant pcDNA3.0-BMPR2 and a luciferase reporter plasmid, 3GC2wt-Lux, which contains a BMP responsive element derived from the mouse Smad6 promoter. 21 
Immunohistochemistry
Lung tissue from patients with pulmonary hypertension and control subjects was obtained from the Papworth Hospital NHS Trust (UK) tissue bank. Samples were obtained from patients with familial PAH (nϭ6) and idiopathic PAH (nϭ6). Patients had received heart-lung transplantation for pulmonary arterial hypertension. DNA extracted from lung tissues was examined for the presence of mutations in the BMPR2 gene, as described previously (supplemental Table I ). 2 Control lung (nϭ6) comprised tissue taken from the uninvolved lobe after pneumonectomy for lung neoplasia or from unused donors. All subjects or their relatives gave informed written consent, and the study had approval from the Local Research Ethics Committee.
Formalin-fixed, wax-embedded lung sections (5 m) were processed using antigen retrieval techniques, as previously described. 2 Sections were batched and stained with anti-phospho-Smad1 and anti-Smad1 (Upstate, UK). The extent of Smad1 phosphorylation in the smooth muscle of normal and hypertensive arteries (100 to 200 m diameter) was determined by counting the total number of smooth muscle cell nuclei and the number of nuclei which stained positively for phospho-Smad1, including at least 10 arteries from each case. The percentage of phospho-Smad1 positive nuclei was then calculated for controls, IPAH, and FPAH cases. The percentage of cells whose cytoplasm stained positively for total Smad1 was calculated similarly.
Statistical Analysis
Data were expressed as meanϮSEM and analyzed with GraphPad Prism version 3.0 (GraphPad Software). Comparisons were made by Student t test or ANOVA with a Tukey post-hoc test, as appropriate. A value of PϽ0.05 indicated statistical significance.
Results
Differential Effect of BMP-4 on Growth and Apoptosis of PASMCs Derived From Proximal and Peripheral Pulmonary Arteries
The phenotype of PASMCs derived from proximal and distal pulmonary arteries was similar as assessed by the expression of the smooth muscle markers, ␣-smooth muscle actin, smooth muscle myosin, vimentin, and fibronectin ( Figure 1A through 1H) . PASMCs derived from proximal pulmonary artery exhibited inhibition of [ 3 H]-thymidine incorporation and serum-induced cell proliferation in the presence of BMP-4, confirming our previous observations 16 ( Figure 1I ). In contrast, PASMCs derived from distal 17 This difference was confirmed by cell counting, though the differential response to BMP-4 was again evident ( Figure 1J through 1K) . Furthermore, in peripheral but not proximal PASMCs, BMP-4 conferred protection from staurosporine induced apoptosis, as assessed by nuclear morphology and by DNA fragmentation ELISA. Cells incubated in serum free media exhibited Ϸ3% to 4% apoptosis rate after 24 hours. In the presence of staurosporine, apoptosis affected Ϸ40% of cells. Interestingly, the survival effect of BMP-4 in peripheral PASMCs was greater at lower concentrations of BMP-4 (1 ng/mL) where the effect was similar to that observed with IGF-1 (30 ng/mL) ( Figure 2 ). Figure 3A) . To determine the presence of intact BMP-4 -mediated signal transduction pathways in proximal and peripheral PASMCs, we studied the phosphorylation of Smad1, p38 MAPK , and ERK1/2, and the induction of mRNA for inhibitory Smads 6 and 7. Immunoblotting demonstrated that BMP-4 (50 ng/mL) led to phosphorylation of Smad1 and p38 MAPK within 1 hour in both cell types ( Figure 3B ) and activation of ERK1/2 within minutes. Furthermore, BMP-4 led to induction of mRNA for the known BMP-inducible genes, Smad 6 and 7, in both proximal and peripheral cells within 2 hours ( Figure 3D ).
BMP-4 Binds to Human PASMCs and Signals via
p38 MAPK and ERK1/2 Mediates BMP-4 -Stimulated Proliferation in Peripheral PASMCs
Having demonstrated that BMP-4 leads to phosphorylation of p38 MAPK and ERK1/2 in proximal and peripheral PASMCs, we investigated the role of these pathways in PASMC proliferation. In peripheral PASMCs, the selective p38 MAPK Figure 2 . BMP-4 and IGF-1 promoted survival of peripheral but not proximal PASMCs exposed to staurosporine as assessed by nuclear morphology and Hoechst reagent staining (A through H). Quantification demonstrated that the survival effect in peripheral PASMCs was greater at lower concentrations of BMP-4, where the effect was similar to that seen with IGF-1 (30 ng/mL) (I). These effects were confirmed using a DNA fragmentation ELISA (J). *PϽ0.05, **PϽ0.01, ***PϽ0.001 compared with staurosporine treated cells, nϭ5 for proximal and peripheral cells.
inhibitor, SB203580 (1 mol/L), and the ERK1/2 inhibitor, U0126 (1 mol/L), both inhibited the proliferative response to BMP-4 ( Figure 4A ). In contrast, SB203580 and U0126 had no effect on the inhibition of [ 3 H]-thymidine incorporation by BMP-4 observed in PASMCs derived from proximal pulmonary arteries ( Figure 4B ).
Smad1 Mediates Growth Inhibition in PASMCs
We used transient transfection of a dominant-negative Smad1 to determine the role of Smad1 signaling in the growth responses to BMP-4. First we confirmed that PASMCs transfected with Flag-Smad1 exhibited nuclear translocation of Smad1 in response to BMP-4 stimulation ( Figure 5A ). Transfection efficiency ranged between 40% to 60% based on expression of Flag-Smad1. Next, cotransfection of cells with Figure 5I ). In fact, there was a significant increase in [
3 H]-thymidine incorporation in response to BMP-4 in proximal PASMCs transfected with DN-Smad1. DN-Smad1 had no effect on the BMP-4 -induced proliferation observed in peripheral PASMCs ( Figure 5J ).
p38 MAPK , But Not Smad1, Is Involved in BMP-4 Mediated Survival in PASMCs
The survival effect of BMP-4 on staurosporine-induced apoptosis in peripheral PASMCs was almost completely reversed in the presence of the p38 MAPK inhibitor, SB203580 ( Figure 6A ). However, BMP-4 had no effect on survival of proximal PASMCs, and this was not influenced by SB203580. Transient transfection of cells with DN-Smad1 did not influence the survival response to BMP-4, in the presence or absence of SB203580 ( Figure 6B ).
Mutation in the Kinase Domain of BMPR-II Inhibits Smad Signaling and Promotes BMP-4 -Induced Proliferation
PASMCs derived from proximal pulmonary artery were obtained from 3 patients with FPAH. Two of these mutations involved the kinase domain of BMPR-II (R491W and C347 Y), and 1 involved the cytoplasmic tail (N903S). These cells were used to investigate whether naturally occurring diseasecausing mutations in BMPR-II disrupt BMP signaling and alter cell function. Comparison of BMP-4 -induced phosphorylation of Smad1 and p38 MAPK in kinase domain mutants versus control PASMCs demonstrated reduced Smad1 phosphorylation in mutant cells but similar activation of p38 MAPK and ERK1/2 ( Figure 7A ). The cytoplasmic tail domain mutant (N903S) also reduced Smad1 phosphorylation, though to a lesser extent than the kinase domain mutants ( Figure 7B ). In addition, using a BMP-responsive luciferase reporter gene construct we show that, whereas control cells exhibited an increase in luciferase activity when stimulated with BMP-4, kinase mutant cells were unable to activate the reporter ( Figure 7C ). The growth suppressive response to BMP-4 was compared in control cells derived from the proximal pulmonary artery and PASMCs derived from 3 patients with idiopathic PAH, in whom no BMPR2 mutation was detectable, and 3 mutant PASMC isolates ( Figure 7D ). The growth suppressive response to BMP-4 was markedly attenuated in mutant PASMCs compared with control cells, but also in idiopathic PAH, though the effect was not so marked.
Suppression of Smad1 Activation in PAH Vasculature
Phospho-Smad1 was clearly expressed in normal lung, being localized to pulmonary capillary endothelial cells in the normal lung parenchyma and to the endothelial cells of small peripheral pulmonary arteries, but was also present in smooth muscle cells comprising the media and intima of muscular ateries ( Figure 8A through 8C) . At higher magnification, much of the phospho-Smad1 staining had a nuclear localization ( Figure 8D through 8F) . In PAH lungs, both with and without mutations in BMPR2, fewer medial and intimal cells expressed phospho-Smad1 compared with control arteries ( Figure 8J ). Serial sections were stained with total Smad1, which showed similar levels of staining in controls and cases ( Figure 8G through 8I) .
Discussion
This study has demonstrated that BMP-4 exerts complex effects on the growth and survival of PASMCs. In these studies we found that BMP-4 caused either inhibition or stimulation of cell proliferation, depending on the site of origin of cells. Thus, normal PASMCs isolated from the proximal (main) pulmonary artery were inhibited, whereas normal PASMCs isolated from peripheral arteries (1 to 2 mm diameter) were stimulated to proliferate in the presence of BMP-4. These differences allowed us to explore the relative contribution of the major BMP-mediated signaling pathways to the observed responses. Interestingly, we found that BMP-4 activated both the canonical BMP signaling peptide, Smad1, and the Smad-independent p38 MAPK and ERK1/2 pathway in proximal and peripheral cells. Nevertheless, inhibition of p38 MAPK or ERK1/2 using selective inhibitors blocked the proliferative response to BMP-4 in peripheral PASMCs. Conversely, inhibition of Smad1 nuclear accumulation, using dominant-negative Smad1, reversed the inhibition of proliferation observed in proximal PASMCs, and in fact allowed proliferation of these cells in the presence of BMP-4. Therefore, although both potentially antiproliferative (Smad1) and pro-proliferative (p38 MAPK , ERK1/2) pathways are activated in PASMCs from proximal and peripheral arteries, the utilization of these signals appears to differ between cell types.
In general, the response to TGF-␤/BMP signaling occurs in a cell type-specific manner, giving rise to the context-specific nature of TGF-␤ responses. 22 Many genes contain Smadbinding elements in their promoter regions. 10 Smad access to target genes depends on the presence and recruitment of transcriptional coactivators and corepressors. Some of these cofactors are ubiquitous whereas others are cell type-restricted. 9 Thus differences in utilization of Smad signals between proximal and peripheral PASMCs may have been responsible for the differential effects of BMP-4 on growth and survival in these cells, a possibility that warrants further investigation. Interestingly, we observed consistent induction of mRNA for inhibitory Smads 6 and 7 in both cell types studied, suggesting that at least part of the BMP-Smad signaling pathway is conserved. However, it is recognized that induction of the inhibitory Smads by TGF-␤/BMP is largely cell type-independent. 9 Alternatively, it remains pos- sible that other signaling pathways downstream of BMP receptors are differentially activated in the 2 PASMC types.
These studies extend our previous observations of phenotypic diversity between PASMCs isolated from the proximal and peripheral human pulmonary circulation, 17 a phenomenon recognized in the bovine lung. 23 It is likely that these differences are a consequence of the different developmental origins of these cells. Whereas the proximal (main) pulmonary artery is mainly derived from neural crest, 24 peripheral pulmonary arteries are formed predominantly by vasculogenesis within the developing lung mesenchyme. 25 A further novel finding of this study is that primary cultured PASMCs harboring a mutation in the kinase domain of BMPR2 demonstrated defective Smad signaling, as evidenced by reduced activation of phospho-Smad1 and by reduced transcription of a BMP/Smad responsive luciferase reporter gene. Although we have previously shown this in HeLa cells overexpressing mutant protein, 11 this is the first demonstration in primary cultured pulmonary vascular cells harboring a defined mutation in BMPR2. Moreover, mutant proximal PASMCs cells were resistant to the growth suppressive effects of BMP-4. Taken together our results suggest that BMP-mediated Smad signaling exerts a powerful antiproliferative effect in some PASMC populations, and that loss of this effect as a consequence of mutation in BMPR2 could contribute to the abnormal pulmonary vascular cell proliferation observed in PAH. Interestingly, PASMCs harboring a mutation in the cytoplasmic tail (N903S) of BMPR-II were also partially deficient in Smad signaling, though to a lesser extent than the kinase domain mutants. The role of the BMPR-II cytoplasmic tail in the activation of Smads is not known, but we have previously demonstrated that truncation of the cytoplasmic tail reduces the efficiency with which BMPR-II phosphorylates Tctex-1, a light chain of the motor complex dynein. 26 In this study we included a comparison of the growth suppressive effect of BMP-4 on PASMCs derived from PAH patients in whom no mutation was detected in the coding sequence of BMPR2. It should be noted that the techniques used for mutation analysis may have missed large deletions or noncoding mutants, and the true prevalence of BMPR2 mutation in familial and sporadic disease remains to be determined. PASMCs from idiopathic PAH patients exhibited an attenuated growth suppressive response to BMP-4 compared with control cells, but this was not as marked as in familial PAH cells. We could not demonstrate a consistent reduction on phospho-Smad1 in response to BMP-4 in these cells (data not shown). Nevertheless, our immunohistochemical study did show a reduced proportion of medial and intimal cells expressing phosph-Smad1 in both familial and idiopathic PAH cases. Taken together, these findings suggest that dysfunction of BMP signaling may contribute to idiopathic PAH in the absence of BMPR2 mutations. In support of this, reduced expression of BMP type 1 receptor has been reported in diverse forms of pulmonary arterial hypertension. 27 In previous studies in transfected cells 11 we were able to demonstrate that the presence of a mutant BMPR-II receptor led to constitutive activation of p38 MAPK even in the absence of ligand stimulation. In the present study we were not able to confirm constitutive activation of p38 MAPK in primary cultured PASMCs harboring a mutation in BMPR2. However, our findings suggest that BMP-mediated activation of p38 MAPK exerts a pro-proliferative effect in proximal PASMCs when Smad1 signaling is silenced and drives proliferation in peripheral PASMCs. Interruption of p38 MAPK signaling may provide a new target for antiproliferative strategies aimed at preventing or reversing vascular remodeling in PPH associated with BMPR2 mutation.
We have previously demonstrated reduced pulmonary vascular expression of BMPR-II protein in the concentric and plexiform lesions of PAH in patients harboring mutations in BMPR2. 2 Most striking in that study was the widespread reduction in alveolar capillary BMPR-II expression seen in patients with and without mutations. In the present study we have extended these observations to demonstrate that a reduced proportion of smooth muscle cells express the activated form of Smad1 within media and intima of small arteries in patients with IPAH and FPAH. Our immunohistochemical studies strongly support the contention that dysregulation of Smad1 may be critical in promoting lesion formation in PAH.
The effects of TGF-␤/BMPs on apoptosis are highly cell type-specific. During development, BMP-4 signaling is necessary for apoptosis during mouse limb bud development. 28 In contrast, BMP-4 prevents apoptosis in the developing mouse metanephric mesenchyme. 29 A recent report found that BMP-2 and BMP-7 induced apoptosis in normal human PASMCs, and that apoptosis was suppressed in PASMCs isolated from patients with PAH. 30 In our study, BMP-4 clearly protected against staurosporine-induced apoptosis in peripheral PASMCs, whereas BMP-4 had no significant effect on apoptosis in PASMCs derived from the proximal pulmonary artery. The survival effect of BMP-4, similar to the effect of BMP-4 on proliferation, was mediated by p38 MAPK and was independent of Smad1. How can the apparently opposite effects of BMP-4 on the proliferation of PASMCs from proximal and peripheral pul- monary artery be contributing to the pathogenesis of the occlusive vascular lesions observed in patients with PAH? The effect of BMPR2 mutation in proximal cells will be to counteract the normal inhibitory effect of BMP-4 on cell proliferation, an effect that we have confirmed in mutant cells derived from proximal artery. However, we were unable to study the effects of BMP-4 on the proliferation of PASMCs derived from the peripheral pulmonary circulation and harboring a mutation in BMPR2, because of the lack of availability of these cells. Peripheral cells exhibit p38 MAPKdependent proliferation and survival in response to BMP-4. It is conceivable that mutant BMPR-II in these cells further promotes exaggerated proliferation/survival by abnormal activation of p38 MAPK 11 and suppression of Smad signaling. Thus, BMPR2 mutation would favor abnormal proliferation of both proximal and peripheral cells.
In summary, this study has shown that BMP exerts complex effects on the growth and survival of PASMCs. However, we describe a predominant role for Smad1 in growth suppression, and p38 MAPK and ERK1/2 as a mitogenic pathway in PASMCs in response to exposure to BMP-4. Furthermore we have provided evidence that dysfunction of Smad1, as a consequence of BMPR2 mutation in primary cultured cells, contributes to the failure to suppress cell proliferation, an effect that may be amplified by abnormal activation of p38 MAPK . These observations may generate novel potential targets for the treatment of familial PAH aimed at inhibition of abnormal vascular cell proliferation. Figure 8 . Photomicrographs of small pulmonary arteries from a normal control subject (left), a patient with idiopathic PAH (middle), and a familial PAH patient with a defined mutation (R491Q) in BMPR2 (right) stained with antiphospho-Smad1 antibody (A through F) and anti-total Smad1 (G through I). In all cases, phospho-Smad1 was observed in the endothelium and in the arterial media (A). At higher power (D through F) the nuclear localization of phospho-Smad1 was evident and suggested reduced expression of nuclear phospho-Smad1 in idiopathic and familial PAH cases. Staining for total Smad1 appeared similar in all cases. Quantification confirmed a marked reduction in the percentage of medial and intimal cells stained positively for phospho-Smad1 in both idiopathic and familial cases, with no change in the percentage of cells expressing total Smad1 (J). *PϽ0.01 compared with control.
